Bordetella pertussis, the causative agent of whooping cough, regulates expression of many virulence factors via a two-component signal transduction system encoded by the bvgAS regulatory locus. It has been shown by transcription activation kinetics that several of the virulence factors are differentially regulated. fha is transcribed within 10 min following a bvgAS-inducing signal, while prn is transcribed after 1 h and ptx is not transcribed until 2 to 4 h after induction. These genes therefore represent early, intermediate, and late classes of bvg-activated promoters, respectively. Although there have been many insightful studies into the mechanisms of BvgAS-mediated regulation, the role that differential regulation of virulence genes plays in B. pertussis pathogenicity has not been characterized. We provide evidence that alterations to the promoter regions of bvg-activated genes can alter the kinetic pattern of expression of these genes without changing steady-state transcription levels. In addition, B. pertussis strains containing these promoter alterations that express either ptx at an early time or fha at a late time demonstrate a significant reduction in their ability to colonize respiratory tracts in an intranasal mouse model of infection. These data suggest a role for differential regulation of bvg-activated genes, and therefore for the BvgAS regulatory system, in the pathogenicity of B. pertussis.
Bordetella pertussis, the causative agent of whooping cough, regulates expression of many of its virulence factors via a two-component signal transduction system encoded by the bvgAS regulatory locus (3, 35) . This system mediates the transition of B. pertussis between a virulent Bvg ϩ phase and an avirulent Bvg Ϫ phase. Recently there have been many insightful studies into the mechanisms of BvgAS-mediated regulation (5, 6, 7, 17, 20, 34, 37) , but a complete picture of the role that this regulation plays in Bordetella virulence has remained elusive. It has been speculated that changes in microenvironments during the course of infection may provide modulating signals that control virulence gene expression to allow for survival, persistence, evasion of immune response, and transmission. However, the small amount of experimental evidence that exists is inconclusive. In a Bordetella bronchiseptica rabbit model of infection, the Bvg ϩ phase was found to be necessary and sufficient for establishment of respiratory tract infection (11) . Although the Bvg Ϫ phase did not appear to contribute to virulence, it was shown to be advantageous for survival in a nutrient-deprived environment (11) . In addition, a rat model of B. bronchiseptica infection demonstrated no evidence of in vivo expression of Bvg Ϫ phase factors (2) . Moreover, the ectopic expression of a Bvg Ϫ phase flagellar protein during the Bvg ϩ phase resulted in reduced tracheal colonization (2) . In a mouse model of B. pertussis infection, several lines of evidence indicate that the Bvg Ϫ phase is unnecessary for, and even detrimental to, virulence. In one study, the Bvg ϩ phase was also found to be necessary and sufficient for colonization: a deletion of bvgR (encoding a Bvg-activated repressor of some Bvg Ϫ phase genes [24] ), resulting in ectopic expression of Bvg Ϫ phase factors, decreased the efficiency of colonization, and a reporter system designed to determine in vivo expression indicated that vrg6 (a Bvg Ϫ phase gene [18] ) expression is low in vivo (21) . An additional strain in which the bvgR gene was deleted induced levels of leukocytosis that were significantly lower than those induced by the wild-type strain in an aerosol challenge of adult mice (23) . These data challenge a role for the Bvg Ϫ phase in vivo and establish that a function of the bvg locus in pathogenicity may be repression of the bvg-repressed genes.
In contrast, cell culture experiments have indicated that B. pertussis modulates the expression of adenylate cyclase-hemolysin toxin upon cell invasion (22) , providing in vitro evidence of a possible role for bvg regulation in intracellular survival, although the relevance of this for B. pertussis pathogenicity is not known. Also, the characterization of a Bvg-intermediate (Bvg i ) phase of B. pertussis has identified factors specific to this phase. Some of these antigens are recognized by antibodies in sera from children recovering from pertussis (21) , suggesting that the Bvg i phase of B. pertussis is expressed in vivo. Although it has been known for some time that, based on Bvg activation kinetics, there are both early and late classes of bvg-activated promoters (31), we have recently identified a third, intermediate class of bvg-activated promoters, represented by prn (17) , a gene that encodes putative adherence factor pertactin (19) . However, the role that differential regulation of bvg-activated promoters plays in pathogenicity has not been characterized. It has been hypothesized, based on the kinetic patterns of expression, that the adhesins are expressed early in order to colonize the respiratory tract of the host and that the toxins are expressed late when they are needed to avoid host defenses (26) . Thus far, as described above, there is little or no evidence supporting a role for the Bvg Ϫ phase in pathogenicity or the occurrence of modulation in vivo. We hypothesized that, by making changes to the promoter regions of bvg-activated genes, we could alter their kinetic patterns of expression. We further hypothesized that, if the differential regulation seen in vitro has a role in the virulence of B. pertussis, changing the regulatory kinetics between classes of promoters should decrease the virulence of the organism.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids used or constructed in this study are described below. Escherichia coli strains were grown on Luria-Bertani agar. B. pertussis strains were grown on BordetGengou (BG) agar (Difco) supplemented with 15% sheep blood or in StainerScholte liquid medium (33) . Magnesium sulfate was added to 50 mM when modulation was required. The following antibiotics were added to the concentrations indicated (micrograms per milliliter) when necessary: ampicillin, 100; chloramphenicol, 20; tetracycline, 10; gentamicin, 10; kanamycin, 50; streptomycin, 400; nalidixic acid, 20. Bacterial conjugations were performed as described previously (13) with E. coli S17.1 as the donor strain (32) .
DNA manipulations and allelic exchange. DNA manipulations were carried out by standard molecular methods. Constructs were introduced into the B. pertussis genome by allelic exchange using pSS1129 (35) , a mobilizable suicide vector. B. pertussis strain KMC3, which has the fha genes under the control of the ptx promoter and upstream BvgA-binding sequence, was constructed as follows. An EcoRV site was introduced by overlap extension PCR (8) just after the fha transcription start site (by changing sequence GATTTC to GATATC at nucleotides 184 to 189 downstream from the EcoRI site) in a subclone of the fha upstream region. A fragment upstream of the ptx genes including the promoter and upstream BvgA-binding sequence (from Ϫ236 to ϩ2 with respect to the transcription start site) was then amplified by PCR, incorporating an EcoRI site into the upstream primer and an EcoRV site into the downstream primer. This fragment was then digested with EcoRI and EcoRV and ligated into the modified fha subclone between the EcoRI and EcoRV sites, thus replacing the fha promoter and upstream sequence with that of ptx. This construct was then introduced into B. pertussis Tohama I (15) by conjugation and allelic exchange and confirmed by PCR.
To recreate the ptx promoter alterations with the wild-type ptx sequence, a 930-bp EcoRI-SalI fragment of wild-type ptx was subcloned into pJHCI (17) . EcoRI/NcoI fragments of 455 bp from the previously generated altered constructs (20) were subcloned into the above pJHCI vector, and an additional 930-bp SalI/ScaI fragment from the wild-type sequence was included to provide homology. To aid in the screening of ptx promoter conjugants after allelic exchange, Wellcome 28 (W28) (30) with a kanamycin resistance gene replacing S1 was used as a recipient strain. Kanamycin sensitivity was then used as an indicator of successful integration of our engineered sequences, which were then confirmed by PCR analysis.
RT-PCR analysis. Total RNA was prepared from B. pertussis strains by extraction with Trizol LS reagent (Gibco BRL) and then treatment with RNasefree DNase I (Boehringer Mannheim) to remove any contaminating DNA. Two micrograms of total RNA was used in reverse transcriptase (RT) reactions (all components were from Gibco BRL) with SuperScript II RT (200 U) and primed with random hexamers (50 ng) to synthesize first-strand cDNA as described previously (17) . Samples without RT were also run to verify the absence of DNA contamination. After treatment with RNase H (Gibco BRL), 10% of the firststrand reaction product was used as the template in subsequent PCRs. RT-PCR mixtures (50 l) contained 100 pmol of primers, 1ϫ PCR buffer, 1.5 mM MgCl 2 , 0.4 mM deoxynucleoside triphosphates, and 0.5 l of Taq DNA polymerase (all components were from Gibco BRL). The prn RT-PCR mixtures also contained 5% dimethyl sulfoxide (Fisher Scientific). The reactions were run for 25 cycles of 1 min at 94°C for denaturing, 1 min at 52°C for annealing (60°C annealing for rpoA primers), and 1.5 min at 72°C for extension in a thermal cycler. The products were electrophoresed on a 2% agarose gel, stained with ethidium bromide, and visualized with UV light.
Time course analyses of bvg-activated transcription. B. pertussis strains Tohama I, KMC3, W28, NMD386, and NMD387 were grown on nitrocellulose filters on BG agar plates containing 50 mM MgSO 4 to modulate bvg activity. At time zero, the filters were transferred to medium without MgSO 4 to induce bvg activity as described previously (17) . Total RNA was prepared as described above from cells at various times after induction, as described in Results. Total RNA was also prepared when B. pertussis strains W28, NMD386, and NMD387 were used to inoculate liquid cultures at time zero after being modulated on BG agar plates containing 50 mM MgSO 4 . RT-PCR, with primers (forward and reverse, respectively) specific for sodB (5ЈCTGCCTTACGCTCTGGATG3Ј and 5ЈGGA CGGGCATTGCGGTAAT3Ј), fha (5ЈCCTAAAACGAGCAGGCCG3Ј and 5ЈGAACTTGTTGTGCGAGAC3Ј), and ptx (5ЈGCACCATCGTCACCG3Ј and 5ЈCCTCGTTCGCACCCATGG3Ј), was used as described above to determine promoter activation (Tohama I and KMC3 time course analyses). The following primer pairs (forward and reverse, respectively) were used for W28, NMD386, and NMD387 time course analyses: rpoA, 5ЈCCGCACGACGTCGAGATCAT3Ј and 5ЈAACACCGAGATCTGGTCCAT3Ј; ptx, 5ЈGCCACGTGAGATCCGAG G3Ј and 5ЈGTCTATCACAACGGCATC3Ј; prn, 5ЈCGACAAATAGCGTGCG TT3Ј and 5ЈGGTCGGACGCCTGGATA3Ј. To analyze the RT-PCR data, portions of the RT-PCR samples were run on an agarose gel and stained with the fluorescent dye Vistra green (Amersham) and band intensities were quantified by analysis on a FluorImager SI system using ImageQuant software (Molecular Dynamics). The band intensities were normalized to the sodB standard, a bvgindependent gene encoding superoxide dismutase of B. pertussis (12) , or to the rpoA standard, the bvg-independent gene encoding the alpha subunit of RNA polymerase (9) .
Assay for FHA and PT production. To compare the levels of FHA produced by KMC3 to those produced by B. pertussis strains Tohama I and Tohama I fha-lac and of pertussis toxin (PT) secreted by the ptx promoter-altered mutant strains to those secreted by wild-type B. pertussis strain W28, Western immunoblotting of whole-cell lysates or trichloroacetic acid (TCA)-precipitated supernatant proteins, respectively, was used. Three 15-ml liquid cultures per strain were inoculated to the same optical density (OD) from cells grown on plates for 2 days. After 24 h of growth, FHA strains were diluted to an OD at 600 nm (OD 600 ) of 0.5 units/ml and lysed with sample buffer and further diluted for analysis. Filter-sterilized culture supernatants containing secreted PT were precipitated by TCA as described previously (8) . The precipitated proteins were resuspended in 1 M Tris-HCL (pH 7)-0.5 N NaOH in volumes normalized to the OD of the cultures at harvest. Sample buffer was added to a series of fivefold dilutions of the precipitated proteins. Samples were run on sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels (15% polyacrylamide) and transferred to nitrocellulose by Western blotting. FHA was detected with an FHAspecific goat polyclonal antibody, while the S1 subunit was detected with X2X5, an S1-specific monoclonal antibody (4), followed by a peroxidase-conjugated secondary antibody (Boehringer Mannheim) and enhanced chemiluminescence development (Amersham). Densitometric analysis of the developed films with a Bio-Rad GS 700 imaging densitometer allowed the comparison of the levels of proteins produced by the mutant and wild-type strains.
CHO cell clustering assay. One milliliter of each of the above culture supernatants, following filter sterilization but prior to TCA precipitation, was retained to compare the levels of secreted PT with a Chinese hamster ovary (CHO) cell clustering assay (14) . The supernatant volumes were normalized for differences in the culture densities and diluted in phosphate-buffered saline (PBS) (Gibco BRL) in a series of fourfold dilutions. One-microliter portions of undiluted supernatant and 1:4, 1:16, and 1:64 dilutions of supernatants were added to 24-well plates with 5 ϫ 10 4 CHO cells per well. The plates were incubated for 2 days, stained with Giemsa stain (Sigma Diagnostics), and scored for clustering of CHO cells.
Experimental animals and inoculation procedure. Six-to 8-week-old, female, BALB/c mice (Charles River Laboratories) were used in this study. Inocula were prepared by growing B. pertussis strains at 37°C on BG-blood agar with streptomycin for 3 days, after which the strains were passed onto new plates and grown for two additional days. The harvested cells were then resuspended in sterile PBS plus 1% Casamino Acids (PBS-CAA). Mice were inoculated intranasally with 20 l of PBS-CAA containing approximately 5 ϫ 10 4 CFU, unless otherwise noted, while the animals were lightly anesthetized with Metofane (Mallinckrodt Veterinary). For the experiments involving the addition of PT to the bacterial inoculum, wild-type and mutant (PT9K/129G [25] ) toxins were purified from B. pertussis culture supernatants by the fetuin affinity method of Kimura et al. (16) and the PT B oligomer was from CalBiochem. The inocula were diluted and plated on BG-blood agar with streptomycin and viable counts were determined in order to normalize between inoculated groups of mice. At various times postinoculation, mice were sacrificed by carbon dioxide inhalation and the trachea and lungs were removed, homogenized in 2 ml of PBS-CAA, diluted, and plated on BGblood agar with streptomycin. Four to 5 days later the plates were counted and the number of CFU per respiratory tract was determined. Statistical significance was determined by Student's t test of the normalized data, the natural logarithms of the normalized data, and the ranking of the natural logarithms of the nor-malized data. Strains were considered significantly altered when P was Յ0.05 by all three t tests. The P values shown are from the t tests of the natural logarithms of the normalized data.
RESULTS
Construction and characterization of an fha promoter replacement strain. Although it is believed that the promoter regions of bvg-activated genes are responsible for the differential regulation of these genes, there is no direct in vivo evidence of this. We constructed a strain, KMC3, in which the upstream region from the early bvg-activated fha gene, including the promoter and BvgA-binding sequences (5), was replaced by the equivalent region from upstream of the late bvg-activated ptx gene (20) by allelic exchange (Fig. 1A ). This placed fha under the control of the ptx promoter. Previous studies have determined that fha is expressed early following an inducing signal, while ptx is expressed late (17, 31) . We used RT-PCR, as previously described (17), to analyze the activation kinetics of strain KMC3. Total RNA was prepared from cells at 0, 60, 120, 240, and 480 min. In strain KMC3, fha was expressed late, similar to ptx expression (Fig. 1B) and different from the earlyinduction kinetics of fha in wild-type strain Tohama I that we previously demonstrated (17) . This result confirms the anticipated switch in promoter control compared to that for wildtype strain Tohama I, in which fha was expressed by 30 min (17) . It also provides direct evidence that the promoter region is responsible for the differential regulation seen in vitro.
Effect of fha promoter exchange on colonization of the mouse respiratory tract. In an initial attempt to determine the effect of fha-to-ptx promoter exchange on the virulence of B. pertussis, we used an intranasal mouse model of infection and examined the ability of the mutant strain to colonize the respiratory tracts of mice. Mice were inoculated intranasally with approximately 5 ϫ 10 4 CFU of wild-type strain Tohama I or mutant strain KMC3 in 20 l of PBS-CAA. After 7 days, the mice were sacrificed and the trachea and lungs were removed, homogenized, diluted, and plated to determine levels of colonization. Mice inoculated with late-expressing fha strain KMC3 had a statistically significant 86% reduction (approximately 1 log unit) (P ϭ 0.032) in mean respiratory tract colonization compared to mice inoculated with wild-type strain Tohama I (Fig. 2) .
We performed Western immunoblotting of whole-cell lysates of strains Tohama I, KMC3, and NMD170 (an FHA Ϫ strain of B. pertussis) to determine the effect of our promoter alteration. Cultures were grown in triplicate and were diluted to an OD 600 of 0.5. Twentyfold dilutions were analyzed by Western blotting. FHA was detected with an FHA-specific goat polyclonal antibody (obtained from Rino Rappuoli) ( RT-PCR analysis of KMC3 was used to detect transcripts of the bvg-independent standard gene (sodB) and fha and ptx at times 0, 60, 120, 240, and 480 min after induction of the Bvg system. RT-PCR products were run on ethidium bromide-stained agarose gels to determine the abundance of transcript at each time point. In wild-type strain Tohama I, fha transcription is present at 30 min after induction and maximal transcription is present at 60 min after induction (see Fig. 1 4 CFU of each) were used to intranasally inoculate groups of six mice. There was a statistically significant reduction in the ability of the fha mutant strain to colonize the respiratory tracts of mice compared to that of wild-type strain Tohama I. The P value is shown. Bars, geometric means; dotted line, lower limit of detection.
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3); densitometric analysis demonstrated that there was not a significant difference (P ϭ 0.8) between levels of FHA produced by KMC3 and Tohama I. In addition, to determine that there was no effect of the presence of a duplicate copy of the ptx promoter on the production of PT in strain KMC3, we used a CHO cell clustering assay (14) and compared the levels of active PT secreted by KMC3 and Tohama I. Dilutions of supernatants (undiluted and 1:4, 1:16, and 1:64 dilutions) from triplicate cultures were assayed. There were no significant differences in clustering patterns induced by the supernatants of the wild-type and fha promoter mutant strains, indicating that there is no defect in PT production in KMC3. These data suggest that the altered expression of fha is responsible for the colonization defect of KMC3 in the intranasal mouse model of infection (Fig. 2) . Construction and analysis of activation kinetics of ptx promoter mutants. We have provided evidence that alteration of the kinetic pattern of fha expression from early to late is detrimental for optimal colonization and thus for full virulence. However, attempts to create the reciprocal strain, in which the late-activated ptx promoter is replaced by the early-activated fha promoter, resulted in a slowly growing strain that was not suitable for further study. As an alternative approach, we determined whether two strains with previously characterized ptx promoter alterations (20) were altered in their ptx activation kinetic patterns. These strains had retained promoter activities close to that of the wild type despite the ptx promoter modifications (20) . NMD346 had a deletion of 65 bp in the intervening sequence, while NMD357 had a replacement of the ptx BvgA-binding heptameric inverted repeats with those of fha, but the native 10-bp sequence between the inverted repeats was maintained. These promoter alterations fused to the wildtype ptx open reading frame sequence (instead of lac) were introduced into the chromosome of B. pertussis strain W28 by allelic exchange to generate NMD386 and NMD387, respectively (Fig. 4A) , the appropriate construction of which was confirmed by PCR.
In order to determine if the deletion of 65 bp within the intervening-sequence region (NMD386) and the replacement of the lower-affinity ptx BvgA-binding repeats with the higheraffinity fha repeats (NMD387) resulted in alterations in ptx activation kinetics, we again used the RT-PCR assay to detect ptx transcripts over the course of time after induction of the Bvg system. Total RNA was prepared from cells at times 0, 15, 30, 45, 60, 120, 180, 240, and 480 min. RT-PCR, with primers specific for prn, confirmed the appropriate intermediate expression of prn to verify correct modulation among the strains and confirmed that other bvg-dependent loci were not affected by the mutants (data not shown). In wild-type B. pertussis strain W28, ptx was not expressed until 2 h after induction of the Bvg system (Fig. 4B) , results which are consistent with those described previously (17, 31) . In B. pertussis strains NMD386 and NMD387, we saw reproducible expression of ptx at 15 and 45 min after induction, respectively (Fig. 4B) . The same kinetic patterns were obtained when the band intensities were normalized to the rpoA standard and plotted (Fig. 4C) . Therefore, the promoter alterations did indeed result in markedly earlier activation kinetics of ptx.
Effect of ptx promoter alterations on level of secreted PT. To compare the levels of active PT secreted by the strains with ptx promoter alterations with those secreted by wild-type B. pertussis W28, we used the CHO cell clustering assay described above. There were no significant differences in the overall patterns of clustering as a function of the supernatant PT concentrations of W28, NMD386, and NMD387 (Fig. 5A ). This provides semiquantitative evidence that the cytotoxic activity and the levels of PT secreted by these ptx promoter mutant strains are the same as those for wild-type strain W28.
In addition, we compared the levels of PT secreted by NMD386 and NMD387 to that secreted by W28 by Western immunoblotting of TCA-precipitated supernatant proteins. Cultures were grown in triplicate, and TCA-precipitated supernatant proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose. The S1 subunit of PT was detected with monoclonal antibody X2X5 (courtesy of Drusilla Burns). The Western analysis of one set of the triplicate cultures is shown in Fig. 5B . NMD384, an additional B. pertussis mutant with a deletion of 21 bp in the intervening-sequence region, was not studied further due to its similarity to NMD386. Densitometric analysis demonstrated that, although there was culture-to-culture variation, there were no significant differences between the levels of PT secreted by NMD386 (P ϭ 0.74) or NMD387 (P ϭ 0.76) and those secreted by W28. Therefore, the ptx promoter alterations affect only the activation kinetics and not the steady-state production of PT.
Effect of ptx promoter alterations on colonization of the mouse respiratory tract. In order to determine the effect of the altered ptx activation kinetics on the virulence of B. pertussis, we used the intranasal mouse model of infection to examine the abilities of the mutant strains to colonize the respiratory tracts of mice. Eight or nine mice per group were inoculated with approximately 5 ϫ 10 4 CFU in 20 l of PBS-CAA on day 0. On day 8, the mice were sacrificed and the trachea and lungs were removed, homogenized, diluted, and plated. Four to 5 days later colonies were counted and the CFU per respiratory tract were normalized to the initial inoculum level as determined by the viable counts of the inoculum (Fig. 6 ). Both mutant strains demonstrated a significant reduction in the ability to colonize the respiratory tracts of mice compared to wildtype strain W28. There was a 92% reduction (approximately 1 log unit) in the mean CFU per respiratory tract between W28 and NMD386 (P ϭ 0.0004) and a 64% reduction (approximately 1/2 log unit) between W28 and NMD387 (P ϭ 0.010) (Fig. 6) . The extent of the defect in colonization correlated with the extent of alteration of promoter activation kinetics (NMD386 had the earliest ptx activation). These data indicate that the altered expression of ptx has an inhibitory effect on the ability of B. pertussis to colonize the respiratory tracts of mice. This suggests a role for differential regulation of bvg-activated genes in pathogenicity.
To determine the effect of the inoculation dose on the ability of the ptx promoter mutants to colonize the respiratory tracts of mice, we inoculated mice with either approximately 1 ϫ 10 4 or 5 ϫ 10 6 CFU in 20 l of PBS-CAA and compared the results to those for the standard inoculum of 5 ϫ 10 4 CFU (Fig. 6) . In other experiments, we found that a dose of 10 4 CFU is close to the minimum needed to consistently produce an infection by this protocol. At this lower dose, colonization by both NMD386 and NMD387 strains was significantly lower than that by W28 (P ϭ 0.013 and 0.027, respectively) (Fig. 7) . In fact, NMD387 showed a 1-log-unit decrease in the mean CFU per respiratory tract at the low dose compared to only a 1/2-log-unit decrease at the standard inoculum (Fig. 7) . However, the virulence defect of the ptx promoter mutants appears to be overcome at the high-dose inoculum (Fig. 7) . This indicates that the phenotype of the ptx promoter mutants is dose dependent.
To determine if the reduction in colonization by the ptx promoter mutant is affected by the time of harvest of trachea and lungs during the course of infection, we examined the CFU per respiratory tract at 2, 8 (standard protocol), and 12 days after inoculation. There were no significant differences (P ϭ 0.4) in the numbers of bacteria (approximately 25% of the inoculum) delivered to the respiratory tracts of mice inoculated with NMD386 (1.15 ϫ 10 5 CFU) versus W28 (1.27 ϫ 10 5 CFU) at 1 h after inoculation. Colonization at the 1-h time point was not determined for NMD387. At 2 days following inoculation, although there was not a statistically significant difference between the wild-type and mutant strains due to greater variation at lower infection levels, the pattern of reduced colonization was already apparent (Fig. 8) . As described previously (Fig. 6 ), at 8 days following inoculation there was a statistically significant reduction in the ability of NMD386 and NMD387 to colonize the respiratory tracts of infected mice. At 12 days following infection, the virulence defect of the ptx promoter mutants, NMD386 (P ϭ 0.019) and NMD387 (P ϭ 0.012), was still apparent (Fig. 8) . These data suggest that the pattern of reduced colonization by the ptx promoter mutants is manifested early and maintained for at least 12 days into the
FIG. 4. RT-PCR analysis of ptx promoter mutant activation kinetics. (A) Schematic diagram of changes made to the promoter and bvgactivating regions of ptx.
Changes were introduced to the chromosome of wild-type B. pertussis strain W28. NMD386 has a deletion of 65 bp in the intervening-sequence region (I), and NMD387 has a replacement of the ptx inverted repeats (arrows) with the inverted repeats of fha (arrowheads) in the repeat region (R). The inverted repeats are sites of primary BvgA binding at these promoters (20) . (B) RT-PCR was used to detect transcripts of rpoA and ptx after induction of the Bvg system in wild-type B. pertussis strain W28 and the ptx promoter mutant strains, NMD386 and NMD387. The time course of induction is shown on ethidium bromide-stained agarose gels at 0, 15, 30, 45, 60, 120, 180, 240, and 480 min for the bvg-dependent ptx promoter and bvg-independent standard rpoA. Results from a typical experiment are shown. (C) Samples from the time course of induction were run on an agarose gel, stained with Vistra green, and quantitated using a FluorImager SI system from Molecular Dynamics. }, W28; s, NMD386; OE, NMD387. The band intensities were normalized to the rpoA standard and plotted. rfu, relative fluorescence units.
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infection. The effect on persistence beyond day 12 was not examined.
Effect of addition of PT to B. pertussis inoculum on colonization. The above data indicate that the altered expression of
ptx has a negative effect on the ability of B. pertussis to colonize the respiratory tracts of intranasally infected mice. A recent report indicated that when a human bronchial epithelial cell line was preincubated with increasing concentrations of purified PT, washed, and then incubated with B. pertussis strains, there was a dose-dependent reduction of adherence of the bacteria to the bronchial cells (38) . These data provide evidence that PT can inhibit the adherence of B. pertussis to epithelial cells, which led us to the hypothesis that the viru- The levels of PT secreted by W28, NMD387, NMD384 (a strain similar to NMD386 with a 21-bp deletion in the intervening-sequence region), and NMD386 were compared by Western immunoblotting of TCA-precipitated supernatant proteins. The S1 subunit of PT was detected with monoclonal antibody X2X5. One set of supernatant proteins from cultures grown in triplicate are shown here. Densitometric analysis of bands from all cultures showed no significant difference in the level of secreted PT. ϩ, purified PT control. lence defect demonstrated by the ptx promoter mutants could be an effect of the altered expression of ptx resulting in inhibition of initial bacterial adherence to the respiratory tract by PT. To test this hypothesis, we determined whether the addition of purified PT to the inoculum of wild-type B. pertussis might mimic the virulence defect of the ptx promoter mutants, NMD386 and NMD387, by interfering with initial adherence. We therefore inoculated mice with 5 ϫ 10 4 CFU of B. pertussis W28 resuspended in buffer alone or with 1 or 10 g of purified PT added. After 7 days, the mice were sacrificed and the trachea and lungs were removed, homogenized, diluted, and plated. Surprisingly, the addition of 1 and 10 g of purified wild-type PT resulted in statistically significant 7-fold (not shown) and 10-fold (Fig. 9 ) increases, respectively, in the level of B. pertussis colonization of the respiratory tracts of the infected mice.
We hypothesized that this result could be due to the toxic activity of PT overwhelming the immune system and overcoming any inhibitory effect it may have on virulence. To test this, we analyzed the effect of coadministering, with the bacteria, inactive PT or the binding B oligomer, which lacks the ADPribosylating activity of PT but which could still bind and potentially inhibit the adherence of B. pertussis. We inoculated mice with 5 ϫ 10 4 CFU of W28 in buffer alone or with 10 g of purified wild-type PT holotoxin, 10 or 20 g of purified inactive PT holotoxin, or 10 g of purified PT B oligomer added. After 7 days, the mice were sacrificed and the trachea and lungs were removed, homogenized, diluted, and plated. The CFU per respiratory tracts are shown in Fig. 9 . The addition of either 10 g of purified wild-type PT or 10 g of purified B oligomer resulted in statistically significant increases in the level of B. pertussis colonization of the respiratory tracts of the infected mice (P ϭ 0.013 and 0.016, respectively). The colonization seen when either 10 or 20 g of mutant PT was added to the inoculum was not significantly different from that seen with no added toxin (Fig. 9 ). Although these data did not provide evidence to support an inhibitory role for the early presence of PT in the reduced ability of B. pertussis to colonize the respiratory tracts of mice, it does verify the role of PT as a virulence factor for B. pertussis.
Role of modulation in colonization. In order for the early expression of ptx to have an effect on the virulence of B. pertussis, we hypothesized that, at some point during the course of infection, down-regulation or modulation of ptx expression would be required. Using RT-PCR analysis, as described previously, we investigated whether the time of preparation of the bacterial inoculum (approximately 45 min to 1 h at room temperature in our standard protocol) was enough to downregulate the expression of ptx. B. pertussis W28 cells were resuspended in PBS-CAA and maintained either at room temperature or at 37°C for 1 h, after which total RNA was isolated from both sets of cells for RT-PCR analysis with primers specific for bvg-independent gene rpoA and for ptx. The experiment was repeated three times, and the RT-PCR results are shown in Fig. 10A . The room temperature and 37°C ptx products were run on an agarose gel, stained with Vistra green, and normalized to the rpoA standard. An average 84% reduction in expression between the 37°C and room temperature ptx products was observed. This indicates that room temperature, a known modulator of the BvgAS system, is able to down-regulate expression of ptx within 1 h, the average time between removal of B. pertussis cells from the 37°C incubator for preparation of inocula and intranasal inoculation of mice.
To examine the effect of this preinoculation down-regulation of ptx by our standard inoculation procedure, we inoculated two groups of mice with W28, one with an inoculum that was maintained at room temperature for 1 h prior to inoculation (standard protocol) and one with an inoculum that was maintained at 37°C for 1 h prior to inoculation. There was no statistically significant difference between the ability of the bacteria that were maintained at 37°C and that of the bacteria maintained at room temperature to colonize the respiratory tracts of mice (Fig. 10B) . This suggests that, although modulation may occur during our standard procedure, it is not necessary for full virulence of B. pertussis W28 in mice.
DISCUSSION
In this study we have provided evidence that alterations to the promoter regions of bvg-activated genes can alter the kinetic patterns of expression of these genes. In addition, B. pertussis strains containing these promoter alterations demonstrate a reduction in the ability to colonize respiratory tracts in an intranasal mouse model of infection, i.e., a virulence defect. In particular, the altered regulation of the characteristically early-activated fha promoter and that of the characteristically late-activated ptx promoter both result in approximately a 1-log-unit reduction in the numbers of bacteria colonizing the respiratory tracts of mice. These data suggest a role for differential regulation of bvg-activated genes, and therefore for the BvgAS regulatory system, in the virulence of B. pertussis.
Changes as substantial as the replacement of the entire fha promoter region with the ptx promoter region, as well as more- FIG. 9 . Effect on colonization of addition of purified PT to inoculum. Ten to 20 g of purified holotoxin, mutant holotoxin, or the B oligomer of PT was added to 5 ϫ 10 4 CFU of wild-type B. pertussis strain W28 and intranasally inoculated into groups of five mice. Significant P values from comparisons to the no-toxin group (W28) are shown. Bars, geometric means; dotted line, lower limit of detection.
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DIFFERENTIAL REGULATION IN B. PERTUSSIS PATHOGENICITYsubtle changes such as the deletion of 65 bp of the interveningsequence region and the alteration of 4 bp in the heptameric inverted-repeat sequence in the ptx promoter region, resulted in altered kinetic patterns of expression of fha and ptx, respectively. This provides further evidence that the promoter regions of bvg-activated genes are responsible for the differential regulation seen in vitro. The early expression of ptx in NMD386, the strain with the deletion of the 65-bp interveningsequence region, further supports the cooperative binding model of activation by BvgA at the ptx promoter put forth by Boucher and Stibitz (6) . In this model, supported by biochemical and genetic data, phosphorylated BvgA binds first to a site which includes the heptameric inverted repeats. Subsequent cooperative binding of BvgA dimers along the intervening sequence between the initial binding site and the promoter allows BvgA to interact with RNA polymerase to promote transcription activation (6, 20) . Although DNase I footprinting analysis will have to be performed to confirm this, we expect from the altered kinetic pattern that this mutant no longer requires the extensive cooperative binding, and thus the high concentration of BvgA, that is needed for activation at the wild-type ptx promoter and is therefore activated earlier (at lower BvgA concentrations) after an inducing signal. The intermediate kinetics of ptx in NMD387, in which the ptx heptameric inverted repeats are replaced by the fha inverted repeats, suggests that higher-affinity binding of BvgA to the primary binding sites of bvg-activated promoters also results in faster transcriptional activation. We believe that the altered activation kinetics of these strains supports the hypothesis that a combination of the affinity of BvgA for the primary binding site and the distance between this site and the core promoter sequences at bvg-activated promoters is primarily responsible for the differential regulation of bvg-activated genes. By using variations in the bvg-activating regions of genes in the Bvg regulon, B. pertussis appears to have optimized its virulence or colonization abilities through differential regulation of at least some of its virulence genes using the products of its twocomponent signal transduction system. The above data suggest a mechanism for B. pertussis to be able to respond to subtle changes in the environment and control the expression of its positively regulated virulence factors accordingly. However, a role for differential regulation in the pathogenicity of Bordetella remains elusive. The Bvg ϩ phase is necessary and sufficient for colonization of animal respiratory tracts (11, 21) , while the Bvg Ϫ phase appears not to have a role in virulence and may even be detrimental (2, 21, 23) . These data suggest that there is no role for the Bvg Ϫ phase in vivo and that one function of the bvg locus in pathogenicity is repression of the bvg-repressed genes. However, there is some indication that the Bvg i phase of B. pertussis is expressed in vivo (21) . We believed that if regulation by the BvgAS system is important for pathogenicity, changing the regulatory circuit between classes of bvg-activated promoters should affect virulence. We hypothesized that, by making changes to the promoter regions of bvg-activated genes, we could alter their patterns of regulation, manifested as a change in activation kinetics. Furthermore, we hypothesized that, if the differential regulation characterized in vitro has a role in the pathogenicity of B. pertussis, exchanging the regulatory control between classes of promoters should decrease the virulence of the organism.
Our analysis of B. pertussis mutants altered in their kinetic patterns of expression of fha and ptx indicates that the altered regulation of bvg-activated virulence factors reduces colonization of the mouse respiratory tract. In particular, ptx promoter mutants NMD386 and NMD387 demonstrate a statistically significant reduction in the ability to colonize the respiratory tracts of intranasally infected mice. Our data indicate that this colonization defect is dose dependent and that the pattern of reduced colonization is apparent throughout the course of a 12-day infection. Although the reduction of colonization is not statistically significant at the 2-day time point, the pattern of reduced colonization appears to be already established. Our data strongly suggest that the colonization defect of NMD386 and NMD387 is an effect of the altered regulation of ptx expression in these strains, as there are no significant differences in the steady-state levels of transcriptional activity or expression of PT between the ptx promoter mutant strains and wildtype strain W28. The colonization defect demonstrated by KMC3, the fha-to-ptx promoter replacement strain, also appears to be an effect of the altered regulation of fha expression.
We contend that, at some point prior to or during the course of infection, at least partial modulation of Bvg activity in B. pertussis would have to occur in order for the altered regulatory control in our mutants to have a deleterious effect. This could occur either in the respiratory tract of the host or prior to encounter with the host. It is possible that modulation occurs throughout the course of infection as the organism is exposed to different microenvironments in the host's respiratory tract. The immune response to the recently identified Bvg i phase factors provides evidence to support this (21) . Our data indicate that 1 h at room temperature is sufficient to reduce ptx transcription by an average of 84%. However, our results also indicate that the maintenance of the wild-type B. pertussis inoculum at 37°C, thus inhibiting the ability of the Bvg system to modulate its virulence factors prior to inoculation, does not significantly affect the ability of the organism to colonize the respiratory tracts of intranasally infected mice. It remains possible that differential regulation is required during the course of infection within the host for optimal virulence of B. pertussis rather than prior to encounter with the host. Characterization of differential expression of bvg-activated genes throughout the course of infection would have to be examined to address this. Furthermore, we cannot rule out a role for differential regulation in the course of transmission between infected individuals during which B. pertussis may remain aerosolized for considerable periods of time (1). It is possible that an effect of the preinoculation modulation may be more dramatic at either an earlier or later harvest time point. Use of the aerosol challenge mouse model may also offer further insight into the role of differential regulation in transmission as it may provide a more relevant model of exposure to the organism and the early stages of infection. It is possible that the virulence defects of our regulatory mutants may be magnified using this model.
A recent study by van den Berg et al. (38) provided a possible explanation as to why the early presence of PT might have an inhibitory effect on the ability of B. pertussis to colonize the respiratory tracts of mice. This report indicated that, despite previous accounts that PT has a role as an adherence factor (36), PT does not augment B. pertussis adherence to cultured human cells and, in fact, can even inhibit B. pertussis adherence in vitro (38) . However, we did not detect a dose-dependent inhibitory effect of added purified PT in our intranasal mouse model of infection to support this as a possible reason for the reduced ability of our ptx promoter mutants to colonize. It is possible that the addition of lower concentrations of the purified toxins or B oligomer may have demonstrated an inhibitory effect without enhancing bacterial virulence (presumably by overwhelming the immune system of the mice). However, the artificial addition of PT to the inoculum is probably quite different from B. pertussis production of PT and the local concentrations of bacteria and toxins present in a natural infection.
One can speculate that the complexity of an organism's regulatory mechanisms may correlate with the complexity of the bacterium's life cycle. It is possible that the adaptability afforded to B. pertussis by its complex regulatory components and phosphotransfer steps enables the bacterium to respond to a series of changing microenvironments throughout the course of infection. We demonstrate that B. pertussis utilizes differences in the promoters of its bvg-activated virulence factors to allow for differential expression of these genes using only the BvgAS system. Furthermore, we provide evidence that this differential regulation is required for optimal virulence. We believe that the temporal expression demonstrated in vitro likely reflects the sensitivity of a particular bvg-activated promoter to modulatory signals. This is consistent with the requirement for higher concentrations of transcriptional activator BvgA at the late-acting promoters (31) . In further support of this idea, we have recently found that the intermediately activated prn promoter (17) Two possible hypotheses may explain the role of differential regulation of bvg-activated genes during the course of infection. The first is that temporal regulation of virulence gene expression is important for colonization and the resulting infection. Incorporating our data, a possible model to explain the role of temporal regulation of bvg-activated virulence factors is as follows. Following a coughing paroxysm of a pertussis patient, the aerosolized organisms are exposed to the lower temperature of the environment and the BvgAS system is thereby modulated or down-regulated. As the aerosol droplet reaches the nasal passages of the next host, the least-sensitive fha promoter is either still on or is immediately activated and the intermediately sensitive prn promoter is transcribed at its highest level to facilitate the ability of FHA to colonize the respiratory tract. It has been proposed that pertactin (PRN) acts as an accessory adherence factor, perhaps in conjunction with FHA. PRN may be important as a scaffolding or support component of an adhesin complex (27, 28, 29) . Our data indicate that, if there is some modulation of the BvgAS system in the time between aerosolization of the organism and transmission to the next host, prn expression would be at its peak. At the same time, the most sensitive ptx promoter is turned off so as not to have an inhibitory effect on initial adherence.
An alternative hypothesis is that differential regulation of bvg-activated virulence gene expression occurs in response to spatial rather than temporal cues. This hypothesis suggests that in vivo microenvironments differ in their modulatory signals. Some microenvironments may present cues that are perceived as semimodulating and thus would induce expression of adhesins (such as FHA and PRN) but repress toxin expression. Other microenvironments may be nonmodulating and thus would induce expression of both adhesins and toxins. From previous data (21, 23) , it seems unlikely that there are fully modulating in vivo microenvironments that would inhibit the expression of the bvg-activated factors and induce the expression of the bvg-repressed factors. According to this hypothesis of spatial cues, virulence genes would be differentially regulated depending on the location of the bacteria within the host respiratory tract to result in optimal infection. The two hypotheses are not necessarily mutually exclusive, since the location VOL. 69, 2001 DIFFERENTIAL REGULATION IN B. PERTUSSIS PATHOGENICITYof bacteria within a host may be dependent to some extent on the time after the first encounter with the host. An additional, more trivial possibility is that the differences in colonization levels between the wild-type and mutant strains are due to differences in the steady-state expression levels of FHA and PT rather than differences in regulatory control. However densitometric analysis of Western blots and cytotoxicity assays for PT activity indicated that there were no significant differences in the levels of FHA and PT expressed between the strains in vitro (Fig. 3 and 5, respectively) . While it may seem surprising that merely altering the regulatory pattern of expression of FHA should have a measurable effect on virulence when it has been demonstrated that FHA Ϫ mutants were not affected in virulence in a mouse model (39) , the steady-state lack of a virulence factor is different than an alteration of regulatory patterns, as in our mutants. The permanent lack of FHA may be compensated for by an alternative adherence factor in the animal model, whereas altered regulation of FHA may result in inappropriate temporal or spatial expression and interference with optimal bacterium-host interactions for infection. Although we cannot rule out a possible difference in expression levels in vivo, we believe this to be an unlikely cause of the virulence defect in our mutant strains and therefore favor either the temporal or spatial hypotheses presented. The ability of the BvgAS system to be sensitive to small changes in environmental signals via the complexity of its phosphorelay together with differences in the promoter regions of genes in its regulon may allow B. pertussis to respond to the intricacy of its life cycle through the efficiency of one regulatory system.
